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High performance ternary solar cells based on P3HT:PCBM and 

ZnPc-hybrids 

Burak Kadem,a Aseel Hassan,a† Meltem Göksel,b,c Tamara Basova,d,e, Ahmet 
ŞeŶoĐak,b Erhan Deŵirďaş,b Mahŵut Durŵuşb 

Single walled carbon nanotubes (SWCNTs) and reduced graphene oxide (rGO) covalently and non-covalently functionalised 

by ZnPc were added to P3HT:PCBM blend in order to investigate the effects of these hybrid materials on P3HT:PCBM 

organic solar cells performance. Adding a small amount of these hybrids to P3HT:PCBM blend does not significantly alter 

the absorption spectra of the latter and its structure. ZnPc-rGO and ZnPc-SWCNTs hybrid features have appeared on the 

P3HT:PCBM surface morphology as verified by SEM and AFM images. However these hybrid materials have resulted in 

significant effects on the electrical properties of the studies blends. An increase of about two orders of magnitudes have 

been observed in the electrical conductivity. Space charge limited conduction theory was employed to investigate charge 

carriers' mobility whereas thermionic emission model was used to evaluate the recombination rate based on estimated 

diode ideality factor. Solar cell devices based on P3HT:PCBM:ZnPc-SWCNTs-co bonded have demonstrated best device 

performance with PCE of 5.3%, Jsc of 12.6mA.cm
-2

, Voc of 0.62V and FF of 68%. A reference device based on bare 

P3HT:PCBM blend has exhibited PCE of just under 3.5%, Jsc of 9.3mA.cm
-2

, Voc of 0.62V and FF of 60%. 

Introduction  

Nowadays, organic solar cells (OSCs) are considered as 

promising cost-effective, lightweight and appropriate candidates 

in role-to-role electronic technology. Despite their relatively low 

efficiency compared to the inorganic (such as silicon) solar cells, 

organic conjugated materials-based solar cells can be prepared 

via simple solution processing methods, which are compatible 

with flexible substrates [1]. Recently, highly efficient OSC with a 

certified efficiency of 9.2% was reported for a device based on a 

single junction with an inverted structure configuration of 

ITO/PFN/PTB7:PC71BM/MoO3/Al [2]. The latter has exhibited an 

ohmic contact for the photo generated charge-carriers and 

optimum light harvesting within the device. Conventionally, 

OSCs consist of conjugated polymer which acts as electron 

donor and a fullerene acting as an electron acceptor; these two 

materials usually blended together in certain ratios and 

sandwiched between two appropriately chosen electrodes with 

two different work functions. Among several organic materials 

studied in this respect, the poly(3-hexylthiophene) (P3HT) and 

[6,6]-phenyl C61-butyric acid methylester (PCBM) bulk 

heterojunction (BHJ) blend is considered as the most 

investigated donor/acceptor blend in OSCs [3-6]. In order to 

achieve higher solar cell performance, it is crucial that a 

nanoscale interpenetrated network morphology of the blend is 

achieved. Such morphology is frequently shown to facilitate 

charge carriers separation and transportation, with exciton 

diffusion length in the range 10-20 nm [7, 8]. The band gap and 

the energy level alignment of the donor/acceptor within 

P3HT:PCBM blends could also lead to enhanced light absorption 

[9]. Furthermore, it is worth stating that ternary blend is an 

encouraging concept to increase OSCs performance by either 

incorporation of complementary optical material or a material 

with higher charge carrier mobility or both. There are however 

two main restrictions in designing the ternary blends; these are 

the energy level alignment of the donor/acceptor in the blend 

and the distribution of the dopants within the blend [10]. 

Functional materials such as single-walled carbon nanotubes 

;SWCNTsͿ ǁith ďallistiĐ Đharge traŶsport, high fleǆiďilitǇ, aŶd 
excellent mechanical and chemical stability are promising 

materials for ternary blend composites [11]. On the other hand, 

reduced graphene oxide (rGO) or graphene are usually used as 

transparent electrodes [12] or as novel alternatives to 

PEDOT:PSS hole transport layers [13] as well as an acceptor 

within the organic solar cell blend [14]. On the other hand, zinc 

phthalocyanine is an organic semiconductor material which has 

shown a promising application in organic solar cells with the 

potential of further enhancing the light harvesting properties of 
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the blends due to its wide absorption bands in the near red 

region [15]. The functionalization of SWCNTs by phthalocyanines  

has been shown to significantly enhance their optoelectronic 

[16] as well as their sensing properties [17]. (2-Aminoethoxy)(tri-

tert-butyl) zinc phthalocyanine (ZnPc) has been covalently 

bonded to exfoliated graphene sheets in dichlorobenzene 

solvent to produce ZnPc-graphene hybrids which were used to 

fabricate a photo-electrochemical cell. The presence of 

electronic interactions in the excited states suggests a charge 

separation between the ZnPc and the graphene through the 

singlet excited state of ZnPc with prompt, steady, and 

reproducible photocurrent which makes this hybrid a potential 

candidate for solar cell applications [18]. On the other hand the 

use of functional materials such as SWCNTs and rGO might have 

some disadvantages in this respect due to their possible 

contribution in compromising the device shunt resistance, as 

well as acting as charge recombination centres [19]. 

Optimisation of carbon-based functional materials used in OSCs 

could however be achieved when small proportions of these 

materials are included in a controlled manner in these hybrids 

[10, 20].  

In the current study, we have investigated the use of functional 

materials based on single walled carbon nanotubes (SWCNTs) 

and reduced graphene oxide (rGO) covalently (co) and non-

covalently (non-co) functionalized with the 1-[N-(2-ethoxyethyl)-

4-pentynamide]-8(11),15(18),22(25)-tris-{2-[2-(2-ethoxyethoxy) 

ethoxy]-1-[2-((2-ethoxyethoxy)-ethoxy)methyl]ethyloxy}zinc(II) 

phthalocyanine (ZnPc) and blended with P3HT:PCBM bulk 

heterojuctions (BHJs) as active layers for organic solar cell 

applications. The effects of ZnPc/rGO and ZnPc/SWCNTs 

functional materials on the optical, structural, morphological as 

well as photovoltaic properties of the P3HT:PCBM  BHJs have 

been examined in details. 

Results and discussion 

P3HT:ZnPc-hybrids properties 

For better understanding of the effect of ZnPc-hybrids on the 

P3HT:PCBM blend, pristine P3HT was examined by forming blends 

with ZnPc-hybrids to study the effects of these hybrids on the main 

polymer. Full characterisation of the ZnPc-hybrids as well as 

description of energy level alignments (see Fig. 1(A)) have been 

carried out and results were published elsewhere [21]. The energy 

levels alignment is assumed to be occurring between P3HT/ZnPc-

rGO-non-co, P3HT/ZnPc-rGO-co, P3HT/ZnPc-SWCNTs-non-co and 

P3HT/ZnPc-SWCNTs-co. It is known that the main mechanisms in 

the OSCs operation are based on exciton generation, separation 

and dissociation with charge separation mainly taking place at the 

interface between the two materials (donor/acceptor) within the 

blends. No clear evidence of a junction may form at the interface 

between P3HT and ZnPc-hybrids since P3HT and ZnPc are known to 

behave as a p-type semiconductors [22] while ZnPc carbon-based 

hybrids are also likely to act as p-type materials; in the literature it 

has been demonstrated that P3HT/SWCNTs hybrids can act as hole 

transport layers [23, 24]. Moreover, Fig.1(B) shows the band 

bending diagram within the P3HT:PCBM:ZnPc-SWCNTs-co blend 

system as an example. In order to demonstrate the absence of a 

junction at the interface between P3HT and ZnPc hybrids, I-V 

measurements have been performed on devices comprising P3HT 

and ZnPc hybrids; Fig.1(C) shows symmetric I-V characteristics for 

all studied devices. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 (A) Energy level alignments for the materials under study, 

where only one of the ZnPc-hybrids is involved at a time; (B) 

proposed band bending diagram for the P3HT:PCBM:ZnPc-

SWCNTs-co based device as an example for the energy levels 

position and the flow direction of both charge carriers; these 

energy levels were determined using cyclic voltammetry as 

discussed in our previous publication [21], and (C) I-V 

characteristics for P3HT:ZnPc-hybrids-based devices. 

 

Morphology studies of OSC active layers 

Fig.2 shows AFM images of P3HT:ZnPc-hybrid films which 

demonstrate noticeable changes in the surface morphology 

upon addition of ZnPc hybrids. These images demonstrate 

different dispersion for the different ZnPc hybrids within the 

P3HT matrix. Phase contrast analysis of the obtained AFM 

images has been carried out using WSxM software, and the 
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phase images were analysed using Fast Fourier Transform (FFT) 

analysis. In order to increase the number of interfaces between 

two components in a blend, phase separation should be minimal. 

This leads to the improved dissociation rate of the 

photogenerated excitons at these interfaces. Qualitative analysis 

of AFM images of P3HT:ZnPc hybrids shows noticeable phase 

separation between the two components [25]. The 

morphological features of P3HT:PCBM blends and 

P3HT:PCBM:ZnPc-hybrid blends have also been examined using 

SEM techniques. Fig.3 shows SEM images of the ZnPc hybrid films as 

well as P3HT:PCBM active layers, both pure and blended with the 

ZnPc hybrids. All studied layers have exhibited nanoscale networks. 

ZnPc-SWCNTs-non-co films have shown clear CNT features while 

ZnPc-SWCNT-co films have exhibited different surface topography. 

On the other hand, rGO-based films have exhibited different 

morphologies which are attributed to the two dimensional nature 

of graphene itself. ZnPc:rGO-co hybrid has shown stacks-like 

features whereas ZnPc:rGO-non-co hybrid has exhibited flakes-like 

features [21]. On blending these hybrids with P3HT:PCBM, clear 

features of SWCNTs have been observed in the case of 

ZnPc:SWCNTs-non-co compared to ZnPc:SWCNTs-co hybrid which 

suggests higher homogeneity in the case of covalently bonded 

hybrids. P3HT:PCBM blends involving rGO based hybrids have 

exhibited flakes-like features on the film surface.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 AFM images of P3HT:ZnPc-hybrids based films with phase contrast and 2D-FFT analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 SEM images of ZnPc-hybrids and P3HT:PCBM:ZnPc-hybrids films 
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Fig. 2 AFM images of P3HT:PCBM:ZnPc-hybrids films with phase contrast and 2D-FFT analysis. 
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Fig. 5 (a) The absorption spectra of P3HT:PCBM:ZnPc-hybrids films; (b) Absorption spectra of P3HT-hybrids solution samples; and (c) 

Absorption spectra of P3HT-hybrid films samples 

 

Fig. 4 shows AFM images of hybrid films under study. P3HT:PCBM 

film has revealed a smooth surface with rms of 1.2nm whereas 

introducing ZnPc:hybrids within P3HT:PCBM blends leads to 

rougher surface morphologies due to the nature of these hybrids as 

shown in the SEM images. P3HT:PCBM:ZnPc:SWCNTs-non-co blend 

has shown slightly higher surface roughness with rms value of 

about 2.36 nm whereas P3HT:PCBM:ZnPc:SWCNTs-co blend has 

exhibited a surface roughness rms of 2.3 nm. On the other hand, 

P3HT:PCBM:ZnPc:rGO-non-co and P3HT:PCBM:ZnPc:rGO-co blends 

have exhibited surface roughness of 2.4nm and 2nm, respectively. It 

could be claimed that the formation of rougher surface as a result 

of adding these hybrids to P3HT:PCBM blend could increase the 

contact area with the top electrode and therefore increases the 

current density and charge carrier collection [26]. To compare the 

P3HT:PCBM:ZnPc with P3HT:ZnPc hybrids, phase contrast and 2D-

FFT analyses of AFM images of their films have been carried out. A 

reduction of the phase separation between the P3HT:PCBM blends 

and the hybrids of ZnPc:rGO and ZnPc:SWCNT is observed because 

the 2D-FFT analysis shows an increase in the darker background on 

the image of P3HT:PCBM:ZnPc hybrids (Fig. 4) compared to 

P3HT:ZnPc hybrids based films (Fig.2). Phase separation between 

P3HT:PCBM blend and rGO or SWCNT hybrids with ZnPc 

decreases leading to enhanced dissociation rate of the 

photogenerated excitons [25]. 
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Optical properties 

Fig.5(a) shows the optical absorption spectra of 

P3HT:PCBM:ZnPc-hybrid layers under study. The absorption 

spectra for P3HT:PCBM blend are characterised by 3 absorption 

bands (A, B, and C) which are related to the P3HT absorption 

whereas the forth band (D) is related to absorption by PCBM 

molecules [27-29]. The main absorption peak C (around 510 

ŶŵͿ ǁas attriďuted to the π-π* eleĐtroŶiĐ traŶsitioŶ iŶ the PϯHT 
polymer [30], whereas the two shoulders A and B (around 610 

nm and 555 nm respectively) could be ascribed to the 

absorption of the extended conjugated P3HT and inter-chain 

stacking of P3HT respectively. This might suggest that an 

improved orientation as well as better chain packing of P3HT 

main polymer have developed within the blend [28]. On the 

other hand, ZnPc material usually has two main bands, the Soret 

and the Q bands [31]. Further details regarding the absorption 

spectra of the ZnPc-hybrids alone could be found in our previous 

publication [21]. Fig.5(b) shows the absorption spectra of 

P3HT:ZnPc-hybrids based solution; absorption spectra of these 

hybrids are mainly dominated by P3HT features being the main 

absorber in the blend. These spectra have exhibited significant 

absorption peak at around 450 nm which is ascribed to P3HT 

absorption [32]. An additional absorption peak around 300 nm 

was observed which might be ascribed to the interaction 

between P3HT and ZnPc-hybrids [33]. Moreover, spectra of 

P3HT:ZnPc-hybrid films (Fig.5(c)) give an indicatioŶ of the π-π 
interactions within the P3HT:ZnPc-hybrids. A clear red shift in 

the absorption peak of P3HT from 450 nm in solutions to 550 nm 

in the films spectra and the occurrence of more distinct vibronic 

shoulders at around 600 nm and 500 nm suggest a more rigid 

structure of P3HT despite the presence of ZnPc-hybrids within 

the films' blend. The presence of ZnPc-hybrids within the blend 

however may have the advantage of enhancing light absorption 

by the hybrids which could lead to enhanced photo-generated 

Đarries due to the π-π iŶteraĐtioŶ ďetǁeeŶ )ŶPĐ and rGO or 

SWCNTs [21]. Salim and co-authors [10] have argued that the 

slight increase in absorbance is thought to enhance the photon 

harvesting which may contribute to improved charge carrier 

generation. 

 

Filŵs’ structural aŶalǇsis 

The structural properties for both P3HT:ZnPc-hybrids (Fig.6(a)) 

and P3HT:PCBM:ZnPc-hybrids (Fig.6(b)) thin layers were studied 

using XRD. Generally, P3HT chains facilitate their self-orientation 

into two-dimensional sheets by means of inter-chain stacking 

and hence demonstrate highly crystalline property [7]. A single 

diffraĐtioŶ peak at Ϯθ=ϱ.ϱ±Ϭ.ϭo
 for (100) preferential orientation 

was observed in the case of P3HT:ZnPc-hybrids and ascribed to 

the edge-on orientation of the P3HT polymer; this corresponds 

to the in-plaŶe π-π staĐkiŶg of ĐoŶjugated polǇŵer riŶgs and out 

of plane stacking of the alkyl groups perpendicular to the 

substrate, as depicted in Fig.6(c). The reflection peak in all 

studied films is attributed to the P3HT lamellar structure, which 

suggests higher degree of crystallinity [34]. No significant change 

in the crystallinity was detected due to the addition of a small 

amount of ZnPc-hybrids within the P3HT blend. However there 

seems to be a little change in the FWHM of the measured peak 

which might indicate a change of the crystallite sizes within the 

blend. Salim et. al. [10] have demonstrated that higher 

concentrations of SWCNTs disturb the orientation of P3HT, and 

the edge-on orientation partially changed into face-on 

orientation, as illustrated in Fig.6(c). Therefore, a low 

concentration of the studied hybrids has been used in this work 

in order to avoid significant structural disorder as well as 

reducing chances of device short circuit occurrence. Similar 

diffraction peaks are observed in the case of P3HT:PCBM:ZnPc-

hybrid films, and are attributed to the edge-on orientation of 

P3HT main polymer. The stacking distance of P3HT lamellar 

structure does not change with ZnPc-hybrids and PCBM 

contents; furthermore, the addition of ZnPc-hybrids did not 

change the amorphous morphology of PCBM [35]. 
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Fig. 6 (a) XRD patterns of P3HT-hybrids films; (b) XRD patterns of P3HT:PCBM:ZnPc-hybrids films; and (c) orientation of P3HT 
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Moreover, all the studied blend films were deposited from the 

solution in chlorobenzene:chloroform (CB:CF) mixture which 

enables slow drying process for the films and may assist in 

nanoscale interpenetrated networks formation [7]. The presence 

of ZnPc hybrids within P3HT:PCBM shows no significant effect on 

the structural properties and the films remain showing almost 

same peak intensity of the same (100) orientation without 

observing any shifting or new peaks as shown in Fig.6(b). This 

favourable orientation could assist in charge carrier transport by 

forming percolation pathways for both carriers, leading to higher 

solar cell performance [36].  

 

Filŵs’ electrical coŶductivitǇ 

DC eleĐtriĐal ĐoŶduĐtiǀitǇ ;σͿ ǁas deterŵiŶed for thiŶ filŵs of 
the studied blends using platinum interdigitated electrodes (IDE) 

as described elsewhere [37]. The increase in conductivity from 

0.07 to 2 mS.m
-1

 as a result of adding ZnPc:SWCNTs-non-co to 

P3HT:PCBM blend compared to that of pristine P3HT:PCBM can 

be attributed to the well-distributed ZnPc-hybrids within the 

P3HT:PCBM blend as shown in the SEM and AFM images as well 

as the efficient charge transfer between the blend molecules 

[38-39]. Moreover, the conductivity of P3HT:PCBM has 

increased to 6 mS.m
-1

 as results of adding ZnPc:SWCNTs-co to 

the ďleŶd as shoǁŶ iŶ Taďle ϭ. The sigŶifiĐaŶt iŶĐrease iŶ σ is 
thought to be the result of efficient charge transfer between 

ZnPc and SWCNTs or rGO hybrids, which suggests that nanoscale 

interpenetrated network has been achieved [21]. This nanoscale 

structure as well as the improved charge transfer would also 

ĐoŶtriďute iŶ preǀeŶtiŶg Đharge Đarriers’ reĐoŵďiŶatioŶ aŶd thus 
improving the PCE of the OSCs [40]. These improvements in 

aĐtiǀe laǇers’ eleĐtriĐal ĐoŶduĐtioŶ could also contribute in 

enhancing the shunt resistance by creating percolation pathways 

ǁhiĐh faĐilitate Đharge Đarriers’ traŶsport aŶd iŶĐrease the short 
circuit current density [20]. 

 

Dark current-voltage characteristics 

Charge Đarrier ŵoďilitǇ ;ʅͿ, series resistaŶĐe ;RsͿ as ǁell as 
ideality factor (n) of the studied OSC devices have been 

evaluated using dark J-V measurements and employing space 

charge limited conduction (SCLC) and thermionic emission 

theories; theoretical details of these analysis approaches are 

discussed elsewhere [41-42]. Fig.7(a) shows a plot of LnJ versus 

applied voltage (V) for the studied devices. The ideality factor (n) 

is estimated using the following equation [43]: 

)
dlnJ

dV
(

kT

q
n                                                    (1) 

where k is Boltzmann constant, q is the electron elementary charge, 

T is the absolute temperature and dV/dLnJ is the gradient of the 

linear part of the LnJ-V curves; the obtained values of n are 

summarised in Table 1. P3HT:PCBM reference device has exhibited 

higher recombination rate as indicated by the device ideality factor 

of 2.52. Diode parameters such as ideality factor and dark 

saturation current obtained from dark J(V) measurements were 

shown to be in agreement within experimental error with those 

derived using transient techniques for OSC based on P3HT:PCBM 

[44]. The lowest ideality factor of 1.99 was obtained for 

P3HT:PCBM:ZnPc:SWCNTs-co based devices indicating the lowest 

recombination rate in these blends. The charge carrier mobility was 

estimated using a double log scale of the dark J-V characteristics as 

shown in Fig.7(b). Generally, all the curves have exhibited power 

law dependency of the form JV
m

, where m is the gradient of the 

log-log plot, which assumes different values over different applied 

voltage regions [45]. Four distinct regions were demonstrated in the 

logJ-logV Đurǀes; at loǁ applied ǀoltage ǁhere ŵ≈ϭ, Đharge 
traŶsport is goǀerŶed ďǇ ohŵ’s laǁ. At applied ǀoltages in the range 

0.2-0.3 V the slope has changed to approximately 2, where charge 

transport could be attributed to trap-controlled space charge 

limited conduction (SCLC) with traps located at a single energy level 

inside the band gap [42, 46]. The gradient becomes very steep at 

the applied voltages in the range at 0.45-0.65V with m taking values 

between 9-12. This region of the logJ-logV dependence can be 

related to trap-filling limit beyond which trap-filled SCLC mechanism 

occurs [46]. The latter mechanism is evident by the onset of trap-

free space charge limited conduction (TFCLC) with m taking on a 

ǀalue of ≈ Ϯ aŶd the J-V dependence is described by Child's law [47]:     

3
d

2
V

μo
8

9
J                                       (2) 

where  is the dielectric constant of the blend material, o is the 

perŵittiǀitǇ of free spaĐe, ʅ is the ŵoďilitǇ aŶd d is the deǀiĐe aĐtiǀe 
layer thickness (150 nm). Using the data of the square law region 

(TFCLC) shown in Fig. 7(b) charge carrier mobility in the active layer 

can be estimated using eqn. (2); obtained charge carrier mobility 

values are summarised in Table 1. The charge carrier mobility has 

nearly doubled in P3HT:PCBM:ZnPc-SWCNTs-co based device 

compared to P3HT:PCBM as a reference device. This increase in 

mobility could be attributed to the formation of percolation 

pathways, which facilitate the charge carrier transport through the 

blends. Furthermore, the series resistance was estimated from the 

slope at the high applied voltage as described previously [39]. Its 

ǀalue has deĐreased froŵ ϰ8.ϯ Ω iŶ PϯHT:PCBM refereŶĐe deǀiĐe to 
Ϯϰ.8 Ω iŶ the ĐoǀaleŶtlǇ ďoŶded SWCNTs aŶd rGO-based devices as 
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shown in Table 1. Therefore, it could be assumed that the 

covalently bonded hybrids may contribute in higher current density 

and fill factor due to the lower Rs which in turn could give rise to 

higher device performance [48]. 

Solar cell performance 

P3HT:PCBM as well as P3HT:PCBM:ZnPc-hybrids solar cells have 

been investigated under illumination of 100 mW/cm
2
 and the J-V 

characteristics of the hybrid OSCs are presented in Fig.7(c). Solar 

cell devices prepared with P3HT:PCBM:ZnPc-hybrids as active 

layers have exhibited significantly improved power conversion 

efficiency (PCE) with values at least 25% higher in comparison 

with the reference P3HT:PCBM-based device as shown in Table 

2. The highest performance was observed for P3HT:PCBM:ZnPc-

SWCNTs-co based device with PCE of 5.3% and FF of 68%. 
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Fig. 7 Dark J-V characteristics; (a) thermionic emission with Ln(J)-V relation; (b) logJ-logV for SCLC determination; and (c) Solar cells 

characteristics of P3HT:PCBM and P3HT:PCBM:ZnPc-hybrids films 

 

This increase in the device performance could be ascribed to the 

role of ZnPc-hybrids in inducing enhanced photon harvesting by 

the nanostructured P3HT:PCBM blends as well as improving 

charge carrier transport. The improved charge carrier transport 

could be attributed to the efficient charge transfer between the 

P3HT:PCBM and the ZnPc-SWCNTs-co hybrids within the new 

blends. The obtained higher FF could be ascribed to the lower 

recombination rate in these devices; FF represents the efficiency 

of charge collection before they recombine inside the cell, which 

ďasiĐallǇ depeŶds oŶ the Đharge Đarriers’ ŵoďilitǇ, Vbi and the 

charge carrier recombination rate [49]. Furthermore, the 

oďǀious iŶĐrease iŶ the OSC’s FF Đould ďe attriďuted to the 
improvement in the series resistance (Rs) as well as the reduced 

recombination rate as confirmed by the obtained lower value of 

diode ideality factor [50]. Voc values have demonstrated no 

significant change in all studied devices as its value is mainly 

determined by the difference between the HOMOdonor and the 

LUMOacceptor as depicted by the following equation [51]: 

0.3]donorHOMOaccptor[LUMOocV                 (3) 

The quantity of 0.3V appearing in eqn. (3) is the estimated loss 

of voltage, which might be attributed to the blend disorder that 

iŶduĐes tail states or the eŶergǇ loss iŶduĐed ďǇ Đarriers’ 
recombination [49]. As revealed in Fig.1(b), it could be said that 

electrons could easily be injected from the LUMO of PCBM to 

the respective electrode (Al) whereas the holes transfer takes 

place from the HOMO level of the P3HT or ZnPc-hybrids to the 

respective electrode which is the PEDOT:PSS/ITO front. This 

could be attributed to the difference in the work functions at the 

metal/organic semiconductor interface [52]. It has also been 

shown that ZnPc-hybrids energy levels are located between the 

HOMO and the LUMO of both the donor and acceptor materials 

(see Fig.1(b)). Several reports have demonstrated that changes 

iŶ aĐtiǀe laǇers’ ŵorphologǇ are uŶlikelǇ to haǀe sigŶifiĐaŶt 
effect on the value of Voc [53-54]. The enhancement in OSC 

device performance after doping P3HT:PCBM blends with ZnPc-

hybrids could be ascribed to the enhancement in the electrical 

conductivity of the new blends as well as the increase in charge 

carriers' mobility which in turn improves short circuit current 

density. The effect of the distribution of ZnPc-hybrids within the 

P3HT:PCBM blend (nanoscale interpenetrated networks) as 

demonstrated by the morphological analysis could enhance the 

interface area within the blend, and thus result in improved 

charge carrier generation (larger Jsc) and charge transport 

(larger FF) [55]. Films of lower thickness of about 100 nm have 

been examined in line with our previous published work, where 

such thickness was shown to be an optimum active layer 

thickness that was associated with improved OSC performance 

[41]. However, the thinner films have shown slightly smaller PCE 

but much improved FF. Such variations are likely to be 

associated with experimental artefacts and therefore more work 

is required in order to further illustrate the effect of active layer 

thickness. Stability of devices incorporating P3HT:PCBM blends 

with various nanocarbon materials functionalised with ZnPc will 

be a subject of future study using external quantum efficiency 

(EQE) measurements. 
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Table 1: Electrical parameters for P3HT:PCBM and P3HT:PCBM:ZnPc-hybrids estimated from dark J-V curve 

Samples n Rs ;ΩͿ μ ǆϭϬ-6
 (cm

2
.V

-1
.s

-1
) σ (mS/m) 

P3HT:PCBM 2.52 48.3 4.65 0.07 

P3HT:PCBM:ZnPc:rGO—co 2.05 24.8 9.10 0.13 

P3HT:PCBM: ZnPc:rGO-non-co 2.07 47.8 4.72 0.13 

P3HT:PCBM: ZnPc:SWCNTs-co 1.99 24.8 9.34 6 

P3HT:PCBM: ZnPc:SWCNTs-non-co 2.04 36.2 6.19 2 

 

Table 2 Photovoltaic parameters of P3HT:PCBM and P3HT:PCBM:ZnPc-Hybrids films 

Samples Jsc (mA.cm
-2

) Voc (V) FF PCE (%) 

P3HT:PCBM 9.3 0.62 0.60 3.46 

P3HT:PCBM: ZnPc:rGO--co 12 0.62 0.63 4.7 

P3HT:PCBM:ZnPc:rGO-non-co 12 0.63 0.62 4.7 

P3HT:PCBM: ZnPc:SWCNTs-co 12.6 0.62 0.68 5.3 

P3HT:PCBM: ZnPc:SWCNTs-non-co 12 0.63 0.65 4.9 

 

 

Experimental detail 

Materials 

Poly (3-hexathiophine-2,5-diyl) (P3HT), [6,6]-phenyl C61 butyric 

acid methyl ester (PCBM), poly (3,4-ethylenedioxythiophene) 

polystyrene sulfonate (PEDOT:PSS) 1.3 wt% dispersion in H2O 

(conductive grade), chlorobenzene (CB) and chloroform (CF) 

were all purchased from Sigma Aldrich and used without any 

further purification. ITO-coated glass slides (sheet resistant of 8-

ϭϮ Ω/□Ϳ ǁere also purchased from Sigma Aldrich. The 

experimental synthesis as well as the full characterisation of the 

zinc-phthalocyanine (ZnPc) covalently and non-covalently 

bonded to SWCNTs and rGO were described in the earlier study 

[21]. 

 

P3HT:ZnPc hybrids preparation 

Using chlorobenzene (CB) as solvent, P3HT-based hybrids have 

been prepared by mixing P3HT with ZnPc functionalised carbon 

nanomaterials (covalently (ZnPc-co) and ZnPc-non-covalently 

(ZnPc-non-co) bonded to SWCNTs or reduced graphene oxide 

(rGO)) in the weight ratio of (1:0.01) mg. The carbon 

nanomaterials were first dispersed in 1 mL CB and then P3HT 

was added to the suspension to produce the P3HT-based 

hybrids. These solutions were stirred overnight at 45°C and were 

used to examine the effects of carbon-based functionalised ZnPc 

on the morphological, optical and structural properties of P3HT 

main polymer.  

 

Organic solar cells fabrication 

P3HT:PCBM blends were mixed with ZnPc functionalised carbon 

nanomaterials to produce a ternary active layer blends with the 

weight ratio of (1:1:0.01); these hybrids were dissolved in a co-

solvent of CB and CF (1:1) [56]. The solutions were stirred 

overnight at 45°C. ITO coated glass slides were cleaned using 

deionised water, acetone and 2-propanol for 10 min each in 

ultrasonic bath, respectively, and then blown dry in N2 gas. 

PEDOT:PSS layers were spin coated on the clean ITO substrates 

at 2000 rpm for 30 sec, followed by heat-treatment at 150°C for 

10 min in ambient air. Subsequently, PEDOT:PSS layers coated 

ITO substrates were transferred to a nitrogen-filled glove box 

where the active layers were spin coated at 1500 rpm for 30 sec 

to obtain a thickness of ~150 nm and then heat-treated inside 

the glove box at 120 °C for 10 min. Aluminium (Al) was thermally 

evaporated as a back electrode using Edward thermal deposition 

system with a thickness of ~100 nm under vacuum of ~2x10
-6

 

mbar, at the deposition rate of 0.1-0.2 nm.sec
-1

 as was detected 

by a quartz crystal thickness monitor. All completed devices 

were subjected to further heat-treatment inside the glove box at 

120
o
C for 10 min.  

 

Characterization techniques  

Thin films of P3HT-based hybrids, P3HT:PCBM blends and 

P3HT:PCBM:ZnPc functionalised carbon nanomaterial ternary 

blends were examined using UV-visible spectroscopy (Varian 50-

scan UV-Vis) in the range of 190-1100 nm. Thickness of the 

deposited layers was determined using M2000 (J.A. Woollam 

Co., Inc.) spectroscopic ellipsometer operating in the wavelength 

range 370-1000 nm. The structure properties of the studied 

layers were examined by multipurpose X`Pert Philips X-ray 

defraĐtoŵeter ;MPDͿ ;Cu, ʄ=Ϭ.ϭϱϰ ŶŵͿ. The surfaĐe ŵorphologǇ 
was examined using FEI-Nova scanning electron microscope 

(SEM) as well as Nanoscope IIIa multimode atomic force 

microscope (Bruker-AFM). The photovoltaic properties in the 

form of current density-voltage (J-V) dependence were 



Journal Name  ARTICLE 

J. Name., 2013, 00, 1-3 | 9  This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

measured using 4200 Keithley semiconductor characterisation 

system and the photo current was generated under AM 1.5 solar 

simulator source of 100 mW.cm
-2

. The fill factor (FF) and the 

overall light to-electrical power conversion efficiency (PCE) of 

the solar cells were determined according to the following 

equations [57]: 

 

inP

maxVmaxJ
PCE(%)

                            (4) 

 

ocVscJ

maxVmaxJ
FF 

                (5) 

 

where Jsc is the short-circuit current density (mA.cm
-2

), Voc is the 

open-circuit voltage which is generally defined as the difference 

between the HOMOdonor and LUMOacceptor [48], Pin is the incident 

light power and Jmax (mA.cm
-2

) and Vmax (V) are the current 

density and voltage at the point of maximum power output in 

the J-V curves, respectively. The electrical conductivity was 

determined using DropSens interdigitated Platinum electrodes 

;IDEsͿ. The IDE ĐaŶ ďe used to ŵeasure the ĐoŶduĐtiǀitǇ ;σͿ of 
the samples from the following relationship [41]: 

 

WtL

n

V

1
σ                                       (6) 

 

where, t is the thickness of the film, W is the distance between 

the fingers (6.67mm), n is the number of fingers (500), and (L) is 

the distanĐe ďetǁeeŶ the eleĐtrodes ;ϱʅŵͿ.  

Conclusions 

In the current study, the effect of novel hybrids based on 

SWCNTs and rGO covalently and non-covalently functionalised 

ZnPc on the performance of organic solar cells based on 

P3HT:PCBM blend was investigated. The absorption spectra of 

P3HT:PCBM blend have shown no significant variation in the 

absorption peak positions as a result of the presence of these 

hybrids, however, ZnPc-rGO and ZnPc-SWCNTs hybrid features 

have appeared on the P3HT:PCBM surface morphology as 

verified by SEM and AFM images. Electrical properties of the 

studies blends have demonstrated significant improvement as 

a result of adding the ZnPc-functionalised hybrids. An increase 

of about two orders of magnitudes has been observed in the 

electrical conductivity associated with an increase in the 

charge carrier mobility with a reduction the ideality factor as 

well as a decrease in the series resistance, with the latter is 

thought to result in high FF. The solar cell devices based on 

P3HT:PCBM:ZnPc-SWCNTs-co bonded have demonstrated clear 

improvement in device performance with PCE=5.3%, 

Jsc=12.6mA.cm
-2

, Voc=0.62V and FF=68%. A reference device 

based on bare P3HT:PCBM blend has exhibited PCE of just under 

3.5%, Jsc of 9.3mA.cm
-2

, Voc of 0.62V and FF of 60%. 
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